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Abstract 
An inertial measurement unit (IMU) with six degrees of freedom (three orthogonal accelerometers and three 
orthogonal rate gyroscopes) was used to calculate the acceleration loss as a function of position down the test slope. 
A traditional timed glide test was performed at the same time. The results from both test methods were compared. To 
increase the accuracy of the sensor system, two speed sensors were installed at known positions. The gradient of the 
track was measured and utilized by the sensor system to correct measurement errors. A mathematical model, 
developed by Apertus AS (Asker, Norway) was used to estimate the snow friction coefficient based on the 
acceleration loss. The results from the IMU sensor provided more information, including peak acceleration, 
maximum speed, time required to reach maximum speed, and speed loss, which can easily be seen. The use of IMU 
sensors in gliding tests may prove useful to differ between skis (ǻμ ~ 0.01). We conclude that in order to detect the 
minute differences distinguishing the best skis (ǻμ ~ 0.001), sensors with an even higher degree of sensitivity than 
those tested in this experiment should be used. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
The testing of ski equipment is an essential step prior to major cross country ski events. Ski 
technicians spend a great amount of time to prepare, perform and validate various ski tests. Due to the 
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circumstances and time available before competitions, the ski technicians choose mainly between 
different types of testing such as (A) parallel, (B) timed gliding tests, (C) glide-out tests and (D) feeling 
tests. Each test method has benefits, challenges and drawbacks. In recent years (E) advanced technology 
has provided new possibilities to monitor important parameters during gliding tests. Tests were 
performed to assess the usefulness of (E) inertial measurement unit (IMU)-based gliding tests in 
experiments similar to those for timed gliding tests (B). Comparisons of IMU-based tests (E) with other 
test methods (A, C and D) are carried out later, but are beyond the scope of this article. 
Timed glide tests offer solid information which can best be used for further statistical analysis. A 
detailed protocol for gliding tests was presented by Karlöf et al. in 2007 [1]. In order to improve the 
quality of a test, each ski should complete at least six runs down a hill. A regular test series consists of 
about eight pairs of skis. The time needed to perform an average gliding test is about 45 minutes. During 
this time there is a risk that the track and weather conditions may change. Several studies, which focused 
on the effects of various processes, such as snow and climate parameters, showed significant changes in 
the run times due to changes in these parameters [2, 3].  
More sophisticated technologies such as the use of a differential GPS and IMUs (which often contain 
accelerometers, gyroscopes and magnetometers) provide new possibilities for evaluating gliding tests. In 
Alpine skiing these and similar technologies were presented in biomechanical analyses and technique 
studies [4-6]. Accelerometers are also used for biomechanical research but to our knowledge not for 
gliding tests in cross country skiing [7, 8]. 
A high level of sensitivity of the IMU system is required. A reduction of the kinetic coefficient of 
friction, μ by 0.001 corresponds to a reduction of the run time of approximately 1 s/km [9]. In order to 
develop a device which can be interesting for World Cup level ski technicians such a variation of μ has to 
be detectable.  
The purpose of this study was (1) to present an IMU-based measurement system adapted for ski 
gliding tests and (2) to assess the suitability of IMU-based gliding tests. The main method we used to 
assess the suitability was to compare timed gliding tests with IMU-based tests.  
2. Methods 
The forces which act on a skier in a gliding test were considered in order to develop a model to 
calculate a kinetic friction coefficient. Due to Newton’s 2nd law, the forces in the direction of motion (x) 
are equal to the skier’s mass, m, times his acceleration, a (1). A free body diagram which shows the 
forces acting on a skier are shown in Fig. 1. 
 ෍ܨ௫ ൌ ݉ ή ܽ (1) 
The skier’s gravitational force, F, can be divided into its two components: the normal force, FN, 
perpendicular to the slope, and the propulsive force, FD, parallel to the slope. Both components are a 
function of the slope, Į. The two major forces which act against the skier are: the force due to air 
resistance, Fair, and the ski drag force, Ff, at the interface between the skis and the snow (2).  
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Assuming Coulomb friction with a constant coefficient of friction, dividing by the skier’s mass and 
supplied with the terms for FD, Fair and Ff, we derive equation (3) where  is the acceleration due to 
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a) b) 
Fig. 1. (a) Simplified forces which act on a skier in a straight downhill, modified sketch from [9]. (b) Schematic sketch of the model 
design for the IMU system (E) 
One IMU was mounted on the left ski in front of the binding. The same sensor was used on all the 
tested pairs. A calibration sequence (5-10 seconds at a standstill) was performed before the start of each 
run. Accelerometers measured specific force, f, which is the acceleration relative to free-fall. The 
gyrometers measured angular rate, Ȧ. A test procedure using 3 pairs of skis in consecutive heats was 
performed. Data were recorded during consecutive descents. The sensor resolution was 10 bits and the 
recording frequency was 100 Hz. Data were captured unfiltered and transmitted to a PC for further 
analyses. The tangential acceleration in the direction of motion, at, is the result of the air and ski friction 
acting against the skier and gravity due to the slope. We define acceleration loss, aloss, as the sum of 
forces acting against the skier in the direction of movement divided by mass, like air resistance, Fair/m, 
snow friction, Ff/m, and other unknown factors. 
The mathematical model (Fig. 1b) developed included standard methods for strapdown inertial 
navigation systems to calculate the motion of the sensor [10, 11] and non-standard methods to calculate 
the snow friction. A better model to calculate the glide and friction was developed during the interval 
between the two test sessions (July and October 2011). The model was improved to reduce the effects of 
the cyclic variations in the acceleration loss, including the effects of air drag. The enhanced model was 
used to calculate the friction estimate for Test 2 and to recalculate the glide estimate from Test 1. The 
results were compared to each other and discussed.  
Test procedures (B and E) were conducted simultaneously. Two tests using three pairs each were 
performed. All tests were performed in a ski tunnel (Torsby, Sweden) under stable snow and weather 
conditions. Test track length and slope were documented using a tape measure and inclinometer. The 
slope of the track in Test 1 was measured each second meter. The inclination of the test track was 
about -4° in the first half and flattened out towards the end (Fig. 2). There was a right turn between 48 
and 70 metres in the test track (30°). During Test 1 the skier started at a defined start position, released 
himself by lifting the poles, and continued, in a semi-squat position, down the whole test track. The initial 
velocity at the start point was 0 m/s. 
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Fig. 2. Slope and inclination from test Tracks 1 and 2. The location of both photo cell units is marked with vertical black bars
The focus in Test 2 was on the IMU captured measurement trials. The test setup was amended and the 
track was relocated to a straight part in the ski tunnel in order to avoid measurement errors. In Test 2 the 
height difference between end points was measured using surveying equipment (tripod and rod for 
leveling). The average inclination was -2.5° between the start and end point. In order to achieve sufficient 
speed the skier started each run with one double pole push.  
Two units with two photocells each were installed next to the track in both tests. In Test 1 the units 
were placed 29.3 and 80.6 metres down the track (horizontal distance) after the starting point, and 20.0 
and 58.8 m in Test 2, respectively. The speed at both units was calculated, as well as the time difference 
and average velocity between the units. All tests were performed in a classic track by an experienced 
skier. 
3. Results 
3.1. Test 1 
During the first test a negative trend concerning the gliding could be seen (Fig. 3a). It was not possible 
to find significant differences in the running times between the various heats or skis (Fig. 3b). A linear 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
b) 
Fig. 3. Test 1: Sliding times for each run (a) with a linear regression line in black. (b) Average gilding times ± standard deviation 
(SD) for each heat and ski to the right
regression line was added to Fig. 3a to visualize the increasing trend of the gliding times. Ski pair 101 
showed the fastest average gliding time with 9.121 s, which was 0.05 s faster than ski pair 102  
(p = 0.621). Ski pair 107 was the slowest with 9.238 s (p = 0.09) on average. By looking at the results 
from heat three the continuous acceleration loss and speed can be observed (Fig. 4). The average 
acceleration loss for pair 107 was lowest from the start to the first photo cell. Also, the maximum speed 
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of 6.26 m/s was 0.06 m/s slower than pair 102, and 0.3 m/s slower than pair 101. It could be seen that the 
speed started decreasing after about 62 m of the track when the inclination flattened (-1.13°). Pairs 101 
and 102 had a speed loss of -1.13 and -1.14 m/s, respectively, whereas pair 107 lost -1.5 m/s which 
resulted in a time loss of + 0.18 s and + 0.12 s compared to the two other skis. Both test procedures 
resulted in the same ranking in Test 1. 
Fig. 4. Results from the inertial measurement unit (Test 1, heat 3). The two photocell units are marked with vertical black lines at 
29.51 and 80.15 m into the test track 
a) b) 
Fig. 5. (a) Skier’s speed at photocell one and two for each run in Test 2; (b) Average speed versus calculated coefficient of friction, 
μ for each heat and ski with a linear regression line in black to the right 
3.2. Test 2 
The initial speed after 20 m and the exit speed at the end of the test track after 58.8 m can be seen in 
Fig. 5a. Ski pair 173 increased its speed on average from 3.12 by 0.67 to 3.79 m/s. A similar result can be 
seen for pair 174 (from 3.03 to 3.64 m/s), whereas pair 175 increased its speed by only 0.04 to 2.6 m/s 
during the gliding test. The split times from the timed gliding tests (B) were used to compute the average 
velocity between the speed sensors. The average velocities from the speed sensors (B) were compared to 
the calculated coefficient of friction, μ from the IMU sensor model (E). A strong correlation between the 
timed gliding test (B) and the IMU based sensor system (E) r = 0.907 could be seen (Fig. 5b). The 
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calculated average μ was identical for ski pair 173 and 174 with μ = 0.027. Pair 175 showed an average 
coefficient of friction of 0.034.  
4. Conclusion and Outlook 
The use of IMU sensors in gliding tests may find the best skis. By using a low-cost IMU and 
correction methods we have been able to produce reasonable estimates close to the precision requirement. 
Both measurement systems (B and E) can distinguish between good and bad skies (ǻμ ~ 0.01) as seen in 
Test 2 but the current IMU system cannot distinguish between skis with similar glide performance (ǻμ ~ 
0.001). Both test methods have limitations. We experienced challenges like measurement noise, drift, 
accuracy, precision and developing a suitable mathematical method for the IMU system. Although 
additional information compared to traditional timed gliding tests can be recorded. Timed gliding tests 
(B) are susceptible to external influences such as wind, weather and track changes. The risk increases 
with prolonged test duration. Timed tests (B) can only be used to verify the rough precision (ǻμ ~ 0.01) 
of the IMU-based system (E). The current experiment cannot clearly conclude on the precision and 
reliability of the two test methods.  
Large, cyclic variations in the acceleration loss of up to 0.44 m/s2 were observed. Barely noticeable 
movements of the skier relative to the skis are one cause of these fluctuations. Other important sources 
like ski edging, wind gusts, instable balance and further unknown factors may influence the acceleration 
loss. The challenge is to isolate the effects of the controllable factors and to eliminate the effects of 
irrelevant influences in an improved model. 
We recommend that more sensitive sensors should be used in order to detect the small differences 
distinguishing good skis. Further work is carried out to improve the estimation model based on more 
precise sensors. A better model seems to be essential to distinguish between the factors affecting 
acceleration loss. 
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